We develop a systematic and general approach to study the effective Higgs Lagrangian in a supersymmetric framework in which the Higgs fields in the visible sector couple weakly to another sector. The extra sector may be strongly coupled in general. It is assumed to be superconformal in the ultraviolet, but develop a mass-gap with supersymmetry breaking in the infrared. The main technique used in our approach is that of the operator product expansion (OPE). By using OPE methods we are able to compute the parameters in the Higgs Lagrangian to quadratic order and make general statements that are applicable to many classes of models. Not only does this approach allow us to understand the traditional problems plaguing simple models from a different perspective, it also reveals new possibilities for solutions of these problems. The methods and results of our work should be useful in constructing a viable and natural model of physics beyond the Standard Model.
Introduction
With the recent discovery of the Higgs boson at the LHC, it is safe to assume that the electroweak symmetry is broken by the Higgs mechanism. However, the observed mass of the Higgs boson near 126 GeV, and the null evidence (so far) for any beyond-the-Standard-Model (BSM) physics, has begun to pose important questions about the notion of "electroweak naturalness."
For example, within the context of low-scale supersymmetry, minimal realizations such as the (R-parity conserving) minimal supersymmetric standard model (MSSM) are becoming increasingly fine-tuned from an electroweak-scale point of view, at least in the technical sense of 't Hooft.
One approach to this situation is to keep the BSM model minimal (like the MSSM, for example) and accept some fine-tuning as a part of nature [1] . An alternative is to try to come up with not-so-minimal (but hopefully well-motivated) models that are either fully electroweak-natural, or at least alleviate the fine-tuning in the Higgs potential.
For the latter approach it is desirable to develop a unified treatment for both perturbative and strongly-coupled models, both to guide the intuition as well as for computational ease. In this work we take some steps in this direction. We consider a framework in which the Higgs fields in the MSSM couple directly to another sector responsible for supersymmetry breaking and its mediation, i.e. the messenger and/or supersymmetry-breaking sector, via the superpotential
(1.1)
Here O u and O d are in general composite operators that belong to an SM representation conjugate to that of H u and H d respectively. Models with such terms have been studied previously in the literature in various contexts. A well-studied situation is that O u and O d are composed of vectorlike matter fields in a weakly-coupled hidden sector [2] [3] [4] . Examples of models where the hidden sector is strongly-coupled include [5] . The presence of additional sectors with these couplings is also well-motivated from a top-down (string theory) point of view, as in [6] . Finally, such scenarios can be studied very generally by expressing observable parameters in terms of hidden sector correlators [7] [8] [9] . It is clear that the range of hidden-sector models included in (1.1) can run the gamut from weakly-to strongly-coupled. In general, the dynamics of such a sector and its coupling to the Higgs can have important effects on various terms in the Higgs potential as well as
Higgs couplings. For example, the quadratic terms in the Higgs potential, which are determined by µ and the supersymmetry-breaking parameters in the Higgs sector, as well as the quartic terms, which determine the physical Higgs boson masses and mixings, are affected in general.
In this paper we focus on the computation of the quadratic terms in the Higgs potential. The emphasis of our work is to develop techniques that are applicable to a large class of models, even those in which the additional sector is strongly coupled. The primary tool that we will use in this regard is the operator product expansion (OPE). On general grounds, since local physics should be captured by local operators, it is expected that the product of two nearby operators can be replaced by a linear combination of local operators,
with c k ij referred to as OPE or Wilson coefficients. All x-dependence of the operator product O i (x)O j (0) is included in c k ij . In conformal theories (1.2) is a convergent expansion inside correlation functions where no other operators are within a distance x from the origin, while in in nonconformal theories (1.2) is in general an asymptotic expansion valid in the limit x → 0. In such cases the OPE is a very powerful way of separating high-from low-energy physics, for the Wilson coefficients c k ij are determined by UV physics, while the expectation values of operators on the right-hand side are determined by IR physics. Therefore, if the UV physics is under control, the OPE can be used to gain an understanding of the dynamics even in the IR.
One possibility is that the UV physics is asymptotically free, as in the case of QCD, where OPE techniques have been extensively used to determine important constraints on the low energy theory, via QCD sum rules [10] . OPE methods and dispersion relations have also been used in computing the cross-section of e + e − → hadrons. There, the electromagnetic current-current correlation function J EM (x)J EM (0) can be computed by replacing it with the OPE and then using dispersion relations to obtain it in the physical region.
Another possibility is that the UV physics for the additional sector has a large symmetry group, such as the superconformal group. Of course, the IR physics is neither conformal (the states in the additional sector ultimately acquire a mass) nor supersymmetric (the multiplets in the additional sector have mass splittings ∝ √ F if they couple to supersymmetry breaking). But it is still possible to apply OPE techniques if the symmetries are regarded as spontaneously broken, since then they are restored in the UV. Just like in QCD, then, OPE methods can be used to describe low-energy observables. This was demonstrated in [11] , utilizing results of [7, 12, 13] , for the SM gauge current-current correlation functions J a (x)J a (0) , a = 1, 2, 3, from which gaugino and sfermion masses could be obtained.
In this work we will use OPE techniques to compute parameters in the Higgs Lagrangian when the Higgs fields couple to an additional sector via (1.1), and in which the additional sector has (at least an approximate) superconformal symmetry in the UV. Starting from the expressions of [8] ,
where soft parameters are expressed in terms of two-point functions of hidden-sector operators, we will show, utilizing the general formalism of [14] , that the approximate superconformal symmetry provides powerful constraints on the form of such terms. Our strategy is to use the (kinematically constrained) form of three-point functions in N = 1 superconformal theories to extract the OPE of the first two operators with the third. In doing that, we can identify classes of hidden-sector operators that contribute to the two-point functions of [8] , and consequently the parameters in the Higgs Lagrangian.
Our treatment brings a new perspective on the µ/B µ problem [2] and the A/m 2 H problem [4] in models of gauge-mediated supersymmetry breaking, and also opens up new possibilities for viable electroweak symmetry breaking (EWSB). As a nontrivial consistency check of our methods we reproduce the well-known results for the Higgs soft terms in the weakly-coupled toy model of [2] . Finally, we make some comments on the computation of the quartic terms in the Higgs potential via OPE techniques, but a detailed computation is left for the future.
The paper is organized as follows. In section 2 we lay out our setup and describe our as-sumptions in detail, followed by a brief description of the OPE formalism and the constraints from superconformal symmetry. Section 3 forms the technical meat of the paper, in which the computations of the soft terms and µ by the OPE method are outlined. In section 4 we reproduce the results for the weakly coupled model of [2] for the Higgs soft terms using the OPE, and we elucidate some subtle features of perturbative computations with the OPE. Section 5 is devoted to a broad discussion of various phenomenological implications of the results obtained. Finally, in section 6 we summarize our main results, and make comments about future directions. Some technical details of computations regarding the projection of the two-point function of N = 1 superconformal primary operators to two-point functions of their conformal primary components are given in Appendix A. In Appendix B we give details on the projection of superconformal threepoint functions to conformal primary ones, and we construct the associated OPEs of conformal primary operators.
The Higgs effective Lagrangian
In this section we describe the setup in some detail. We are interested in a framework in which the Higgs fields in the MSSM couple to operators O u and O d in another sector via the superpotential
Here breaking and its mediation to the visible sector. As such, these operators could just be part of the supersymmetry-breaking sector, or they could comprise a "messenger" sector distinct from the supersymmetry-breaking sector but coupled to it by a weak coupling (say κ). The latter case gives rise to a framework which has been called "general messenger Higgs mediation (GMHM)" in [9] . In this case, a double expansion in λ u,d and κ is possible. In this work, however, we will focus on the more general case where only an expansion in λ u,d is available, although we will make some comments about the more special case with a coupling κ. 
and zero momentum are
Some comments are in order. Here we have assumed that there is no bare µ term in the superpotential-it is only generated after integrating out the additional sector. Also, in addition to the usual soft supersymmetry breaking terms in the Higgs potential V
Higgs , there are additional terms, which we collectively denote as V (other)
Higgs . In a supersymmetry-breaking vacuum in a globally supersymmetric theory (as considered here), the vacuum energy is strictly positive. In the typical case where some operator in the additional sector breaks supersymmetry with its F-term vacuum expectation value (vev), F , it can be shown that the vacuum energy density is equal to |F | 2 . If √ F is smaller than the typical mass scale M of operators in the additional sector, then all observables can be expanded in powers of F/M 2 .
In many models the terms in V Higgs and the µ parameter, and can thus be neglected. We will show, however, that, at least in principle, some of the terms in V (other) Higgs may not be suppressed relative to the µ parameter. We will also explain why such suppressions are so common in models found in the literature.
The parameters appearing in the Higgs Lagrangian can be computed in terms of the zeromomentum limit of two-point correlation functions involving components of O u and O d . This is easy to see from an effective-field theory point of view, and can be explicitly worked out be
] to quadratic order and matching with the effective Lagrangian (2.1). This has already been done in [8] . The soft parameters and the µ term generated at the scale M due to the superpotential (1.1) at leading order in λ u,d are given
2 We are following the conventions of Wess & Bagger [15] , taking care of factors of i and minus signs as explained in the appendix of [13] . The action of operators is always the adjoint action, i.e. Q(O) ≡ [Q, O}. Note that there is an extra factor of 1 2 compared to [8] from taking into account the SU (2) gauge indices.
We will consider the contributions solely generated from the superpotential (1.1). Clearly, µ and B µ arise from a chiral-chiral two-point function while δA u,d and δm 2
arise from a chiralantichiral one. 3 Since
we see that there is a relation between µ and B µ , similar to the relation between δA u,d and
. Finally, note that B µ , δA u,d , and δm 2
can be written as Q(·) , while µ cannot. Thus, the soft parameters are generated only when supersymmetry is broken (as they must), i.e. when 0|Q = 0, while µ may receive contributions consistent with supersymmetry.
Similarly, the terms in V (other) Higgs are given by
Again, a ′ u,d and γ arise from a chiral-chiral correlation function while δZ u,d arises from a chiralantichiral one. As explained in [8] , δZ u,d corresponds to the contribution to the (supersymmetric) wave-function renormalization of the Higgs fields due to (1.1), and affects the overall normalization of the physical observables. In terms of the expansion in λ u,d , these corrections are negligible; hence we will not study δZ u,d in detail. On the other hand, it can be seen from (2.1) and (2.3) that a ′ u,d arises from effects which cannot be captured by the µ term in the superpotential alone. Finally, γ gives rise to corrections to Higgs parameters as well as interactions between four MSSM sfermions (after eliminating F Hu and F H d ). We will show using our methods that γ must be suppressed in phenomenologically viable models, but a ′ u,d may be generated at the same order as µ in general.
OPE methods and approximations
Given (2.2) and (2.3), one would like to compute, at least approximately, the relevant (momentumspace) correlation functions in a manner applicable to many cases. The OPE is very useful in this regard: we can apply the OPE to the two-point functions in (2.2) and (2.3), and identify operators that can obtain nonzero vevs consistent with Poincaré and gauge invariance. 4 Of course, 3 Note that the µ-term in (2.1) actually gives rise to three terms in the Lagrangian-µ (−ψH we also need to compute the necessary OPE coefficients. Those are computable in the regime of large space-like or Euclidean (unphysical) momenta, but the answer can be straightforwardly analytically continued to the physical region (large time-like momenta). The critical observation, then, is that if the two-point function A(s) (where s = −p 2 ) has a branch cut starting at some threshold s 0 and no other singularities in the physical sheet, we can use the dispersion relation (see Fig. 1 )
To summarize, our strategy is the following: we approximate A(s) by going to large s, applying the OPE, keeping only the first few terms in the 1/s expansion, and finally using the dispersion relation (2.4) to obtain an approximation to A(s) even at s = 0, as needed in (2.2) and (2.3). Note that, beyond the truncation of the OPE (which can be avoided in some tractable cases), there are two more approximations being used here. First, although the OPE is strictly valid for large s, we apply it in the entire region from s 0 to ∞. In our case we take
where, as mentioned earlier, M is the typical mass scale in the additional sector. This is a good approximation as long as M is at least somewhat higher than the electroweak scale. The other approximation comes about when we neglect the fact that the position s 0 of the branch point technically depends on the masses of the states in the additional sector, which are not all at M due to the presence of supersymmetry breaking. However, this is a good approximation at least at small F/M 2 , since the OPE is insensitive to the precise positions of these branch points.
As we already mentioned, in manipulations leading to (2.4) we assume that there are no poles in A(s) below the threshold s 0 . This is a good approximation in models where the operators in A(s) belong to some weakly-coupled sector, or perhaps certain classes of strongly coupled sectors.
Nevertheless, possible poles, either from bound states or fundamental one-particle states, can make (2.4) inaccurate. This is because the Wilson coefficients in the OPE used in the evaluation of A(s) will get extra contributions from poles, beyond those captured by the branch cuts in (2.4).
While it would be interesting to do a more general analysis including possible contributions from such poles, in this work we will focus on the simplest analytical structure, describing contributions to soft parameters which should be present in any model with a threshold s 0 . Moreover, it is important to stress that although the computation of the Wilson coefficients is affected by the analytic structure of the two-point function, the form of the OPE is completely general and is not affected by the possible presence of poles, i.e. poles do not result in extra operators in the right-hand side of the OPE.
Computations of Higgs parameters
As mentioned above, we are interested in computing the chiral- 
where C O is positive coefficient 5 in a unitary theory, and I IĪ is an appropriate tensor that accounts for the Lorentz structure of the left-hand side. For example, for a vector operator O µ we can
The charges q andq are such that the scaling dimension and the R-charge of O I are given by ∆ = q +q and R = 2 3 (q −q) respectively. For more details the reader is referred to [14] .
Three-point functions for the chiral-chiral OPE
A formalism for describing the three-point functions of N = 1 superconformal primary operators was presented in [14] in full generality. The case of two scalar chiral superfields with a general third superfield was worked out in [16, 17] . The general form of the three-point function in this case is
where λ 12O is a complex coefficient in general, z represents general superspace coordinates {x, θ,θ}, and z + represents the chiral superspace coordinates {y, θ}, with y = x+iθσθ. The supersymmetric interval between points x i and x j is given by
and so
,
The quantities Θ 3 ,Θ 3 and X 3 ,X 3 are given bȳ
In the following we define upright quantities X by exchanging a Lorentz vector index with a pair of dotted-undotted spinor indices with the use of the Pauli matrices, i.e.
The chirality of Φ 1,2 implies that the functiontĪ can only depend onX 3 ,Θ 3 and must satisfy a Ward identity. These constraints are obeyed by the three families of solutions listed below.
Here ∆ O and R O are the scaling dimension and superconformal R-charge of the operator O respectively (similar notation for others). We will denote the operators for solution n and spin ℓ by O n,ℓ . 
Among the various operators in the OPE
Note that in the θ-expansion of a superfield one gets component fields that are not necessarily conformal primaries. As explained in Appendix A, this happens at order θθ and higher. In this work, when it is necessary, we will indicate that an operator is conformal primary by writing it
Three point functions for the chiral-antichiral OPE
The superconformal three-point function of a chiral superfield, an antichiral superfield and a general third operator was worked out in [16] , with the result
As opposed to the chiral-chiral case, where there were three classes of structures in the right-hand side of (3.2), we see here that the solution of the superconformal constraints results in a unique class of structures for the chiral-antichiral three-point function.
Results
Armed with the above superfield three-point functions, we can expand these in θ,θ to compute component three-point functions. Using these, we can then extract the terms in the right-hand side of the relevant chiral-chiral and chiral-antichiral OPEs and compute contributions to the parameters in the Higgs Lagrangian. We do this below, starting with parameters which are determined by the chiral-chiral OPE. For details on the derivation of the various expressions below the reader is referred to the appendices. 
where i is a counting index, with
. Such operators correspond to O 3,0 in (3.4). In a given model one has to identify candidate operators that can appear in the right-hand side of (3.4) and obtain an expectation value consistent with Poincaré and gauge invariance. Those are generally not unique operators, so (3.4) contains a sum over all appropriate operators in the right-hand side. By substituting the above result in (2.2) and using dispersion relations, it is possible to compute µ. We will do this explicitly for a model in section 4.
Before we proceed, though, let us examine the first two terms of (3.4) more carefully. Those terms have no x-dependence, which is a reflection of the fact that the scaling dimension of the operators Q 2 O 1,0 and Q α O 2,1 α is determined by the scaling dimensions of the operators in the left-hand side of (3.4). Now, from (2.2) we see that we have to Fourier-transform (3.4) and take the zero-momentum limit. If we use the OPE to express the operator product in the two-point function, though, the zero-momentum limit becomes problematic, for the Wilson coefficient cannot be evaluated directly in that limit. However, we can use the dispersion relation (2.4) to argue that the terms in the first line of (3.4) actually do not contribute to µ. Indeed, in order to regulate the Fourier transform let us use 5) and take the limit ǫ → 0 at the end of the computation. Expanding the right-hand side of (3 .5) we see that all terms involving ln(−s) are multiplied with at least one power of ǫ, and thus applying (2.4) gives a vanishing result as ǫ → 0. Thus, the first two terms in (3.4) do not give rise to contributions to µ.
It is also possible to understand this result intuitively. The fact that the Wilson coefficients of the operators Q 2 O 1,0 and Q α O 2,1 α have no x-dependence is inconsistent with the presence of a threshold at the scale M . Indeed, if there is no x-dependence one can take x to be very large (such as x ≫ 1 M ), and still expect a non-vanishing contribution to µ. However, from general considerations one expects that the presence of a threshold at a scale M implies that a general two-point function should factorize, i.e.
M . In the example above, the relevant operators are Q α O u and Q α O d , which are assumed to not get vevs, since that would break the visible-sector gauge group. Thus, the two-point function must die away for x ≫ 1 M . This implies that the only consistent possibility is that these terms do not contribute, as can be verified from the computation with (3.5) above.
Consequently, we can use (2.2) to write
As stated in the introduction, the two-point functions in (2.2) and (2.3) are assumed to have a branch cut, starting from a threshold s 0 = 4M 2 in momentum space, and no other singularities. we may obtain its value at p 2 → 0 by integrating around its branch cut that starts from s 0 . The result is lim
Applying this result to (3.7) we get
Equivalently, the calculation of the necessary OPE coefficients can be done directly in momentum space. We will see an explicit example of the latter approach in section 4.
B µ
The parameter B µ is determined by
) . Similar to the previous case, one has to now expand the three-point function (3.2) to order θ 2 1 θ 2 2 , which corresponds to the three-point function between
It turns out that only Solution (III) with spin ℓ = 0 contributes to the B µ term. This can be understood as follows. For a potential Solution (I) contribution, every θ 1,2 has to come with aθ 3 .
But sinceθ 4 3 vanishes, Solution (I) does not contribute. For a potential Solution (II) contribution with ℓ = 1, one θ 1,2 could come fromΘ 3 , but there are at least three θ 1,2 's which need to be paired withθ 3 . Again, sinceθ 3 3 vanishes, Solution (II) does not contribute as well. Finally, for Solution (III) with ℓ = 1 the lowest scalar component field arises at order θ 3 σ µθ3 . So one needs at least order θ 2 1 θ 2 2 θ 3θ 3 3 because two θ's could come fromΘ 2 . Again, sinceθ 3 3 vanishes, Solution (III) with ℓ = 1 does not contribute. Of course these results can be understood from the relation between µ and B µ we mentioned after (2.2).
The contribution from Solution (III) with ℓ = 0 is
which allows us to compute B µ using (2.2), with the result We now study correlation functions which determine the chiral-antichiral OPE. From (2.2), we see that δA u,d and δm 2 The superfield three-point function for the ℓ = 0 case is
, from which one can extract the OPE
With this result we can compute δA u,d and δm 2
using expressions (2.2). We obtain
with (3.8), we get
term is given by
Note that, unlike the case of µ and B µ , the same term in the OPE contributes to both δA u,d and
. Analogous to (3.13) we here have the relation
This will have implications for the A/m 2 H problem [9] , and will also be discussed in section 6.
a ′ u,d ("wrong Higgs" trilinears)
It is also possible to compute the couplings in V 
Since it can be written as Q(·) , it can only get contributions starting at order F/M . 7 In order to compute a ′ u,d , we first find the
) and then act with Q α . Using the same procedure as for the other parameters, we find
The a ′ u,d terms are called "maybe soft" in [18] , but if there are no SM gauge singlets in the theory (as in the MSSM), they are soft and do not introduce quadratic divergences (see discussion in [18] ). 7 Here we assume that F/M 2 is smaller than unity, as mentioned earlier.
Just like in the case of µ, the first two terms in the right-hand side of (3.18) do not end up contributing to a ′ u,d . Therefore, we can write
.
Using (3.8) we get
with η 0,1 given in (3.10).
By comparing (3.6) and (3.19), we see that Q 2Q2 O 3,0 and Qσ µQ O µ 3,1 contribute to both µ and a ′ u,d , with comparable Wilson coefficients. This implies that unless O 3,0 is the dominant operator contributing to µ, a ′ u,d may be generated at the same order as µ in general. In simple (spurion-based) models of supersymmetry breaking, however, it can be shown that O 3,0 gives the dominant contribution to µ. Hence, in such cases, a ′ u,d is suppressed compared to µ. Note that although a ′ u,d may be generated at the same order as µ in general, it can still only be generated at order F 2 . This is because both operators Q 2Q2 O 3,0 and Qσ µQ O µ 3,1 , which contribute to a ′ u,d in general, are generated at order F 2 . This can be easily seen for the former. For the latter, this is true because Qσ µQ O µ 3,1 is of the form {Q, [Q, (.)]} , and all such correlation functions of this form must start at order F 2 [8] . Thus, the wrong-Higgs trilinears will generically be suppressed to other soft parameters which start at order F . We will make more comments about this result in section 6.
γ
Finally, we discuss the remaining parameter in V (other) Higgs , namely γ, which gives rise to a dimensionless coupling between four MSSM sfermions for example (in addition to other terms), after using the equation of motion (see (2.1)). Now, γ is determined by O u (x)O d (0) from (2.3). It can be shown that this dimensionless parameter must be suppressed at least by order F/M 2 in phenomenologically viable models.
Indeed, suppose O u (x)O d (0) is nonvanishing in the supersymmetric limit. Then, since it is a correlation function of scalar chiral primary operators, it does not depend on the separation |x| of the two operators [19] . This implies that one can take |x| to be very large, and apply the cluster-decomposition principle. Thus, 
A weakly-coupled example
In this section we use OPE methods to compute the Higgs parameters for a simple model that was considered in [2] . This model illustrates the µ/B µ problem in gauge-mediated supersymmetry breaking. The model contains messengers Φ 1,2 and Φ 1,2 , with O u = Φ 1 Φ 2 and O d = Φ 1 Φ 2 . Here Φ 1 is a 5, Φ 1 a5, and Φ 2 and Φ 2 singlets of SU (5). The superpotential that couples the messenger to the Higgs sector is
where i, j are SU (2) indices, while the messenger sector is coupled to the hidden sector via
where X is a spurion that gets a vev in both the first and the last component, X = X + θ 2 F .
The computations below are done at one loop and to leading order in F/X 2 .
To start, let us compute the leading contribution to µ. From (2.2) we see that we have to consider the OPE of the fermionic components of the composite operators Φ 1 Φ 2 and Φ 1 Φ 2 .
We use the results of section 3 to compute the right-hand side of the OPE, and concentrate on the operator of the lowest scaling dimension that has a nonzero supersymmetry-breaking vev consistent with Poincaré and gauge invariance:
) and similarly for Φ 1,2 . The operator X † F † , which is an example of an O 3,0 in (3.4), turns out to be the leading operator with the correct R-charge.
Of course, there are higher dimension operators of the form X † F † (X † X) n (F † F ) m , with n, m ≥ 0 but not both zero, which also contribute to the OPE. However, as advocated in [20] we expect a good approximation to the full answer with this truncation. The Wilson coefficient at one loop is given by (messengers run in the loop) 8
where ξ = µ 2 /Q 2 with µ an arbitrary normalization point necessary in the OPE [21] , and Q 2 = p 2 E = p 2 = −s (s > 0 in the physical region). Note that for convergence of the loop-integral we go to the Euclidean region Q 2 > 0. The integral over the Feynman parameter x can be performed analytically, and since we will rely on (2.4) we can expand the answer and keep only the ln ξ-term.
From (4.1) we thus findc
and since Im ln(−(s ± iǫ)) = ∓π, s > 0, we can use (2.4) with s 0 = 4|λX| 2 to obtaiñ
With this result it is straightforward to find the leading contribution to µ:
This is 50% of the result obtained in [2] . The full result can be obtained by computing the contributions of all operators of the form X † F † (X † X) n (F † F ) m , m, n ≥ 0, and resumming them.
For simplicity, we will not do this resummation for µ or B µ , but we will do part of it for A u,d
and m 2
The calculation of B µ proceeds along similar lines. As seen in (2.2) we consider here the OPE )). Clearly, the operator (X † ) 2 is the leading contribution to this OPE.
Nevertheless, the vev of this operator is supersymmetry-preserving, which means that its Wilson 8 The factor of −2 3 comes about as follows: a 2 because we have two equal diagrams due of the presence of both Φ1,2 and Φ1,2, a −2 = (−i √ 2) 2 from the insertions of the operators at the crosses, and a 2 from the fact that our messengers Φ1 and Φ1 are in the 5 and5 of SU (5) coefficient must be zero, for the only contributions to B µ are of the form Q 2 (O 3,0 ) (see (3.11) ).
Indeed, at one loop,
This is a consequence of supersymmetry. Similar cancellations persist order-by-order in perturbation theory, and also for the operators (X † ) 2 (X † X) n for any n ≥ 1.
We saw before that the leading operator of type O 3,0 is X † F † . However, Q 2 (X † F † ) vanishes in the zero-momentum limit. The leading operator of type Q 2 (O 3,0 ) which contributes to B µ is
from which we obtainc
again using the dispersion method of section 2.1. Thus, the leading contribution to B µ is
This is 12.5% of the answer in [2] . This underestimation may be attributed to the cancelations that occur for lower-dimension operators like the one in (4.4). Again, a resummation of the contributions of the operators Q 2 (X † F † (X † X) n (F † F ) m ), m, n ≥ 0, should yield the full one-loop result of [2] .
For the calculation of δA u,d and δm 2
, we will first compute contributions to the OPEs
, and then act with Q 2 and Q 2Q2 according to (2.2).
The leading operator of the type O 0 (as in (3.14) ) is X † X. Its Wilson coefficient at one loop is given by
, from which we can computec
by the same dispersion methods as before. With this result we obtain
For δA u,d this approximation gives 50% of the full one-loop result [22] , but for δm 2
we get an answer that at first seems incompatible with the one-loop result. Indeed, due to an accidental cancelation the one-loop result for δm 2
vanishes at leading order in F/M 2 [2] . One can also understand this result from arguments using analytic continuation in superspace [4, 22] . Our result for δm 2
shows that the OPE, although very useful, can be misleading in such approximate computations. Of course, if the full computation within the OPE is performed, we should recover the full result δm 2
= 0 at leading order. We will now show this explicitly.
In order to carry out the analysis, we need to compute the Wilson coefficient of the operator
and we can now use (2.4) and (2.2) to obtain the full one-loop result for both δA u,d and δm 2
at leading order in F/M 2 . We find
The sum in (4.6) is convergent, and (4.6) agrees precisely with the full result (at one-loop and leading order in F/M 2 ) from Feynman diagram computations as well as analytic continuation methods.
On the other hand, the sum in (4.7) is divergent, but it can be regulated. The most divergent part in
, and we know from ζ-function regularization that
Furthermore, subtracting the most divergent part from the full sum and regularizing with a z n we find
where Li n (z) = ∞ k=1 z k k n is the polylogarithm function. But (4.9) has a well defined limit as z → 1:
Adding (4.8) and (4.9) and using (4.10) we thus obtain δm 2
= 0 at leading order and one loop.
This agrees with [2] and further elucidates the power of the OPE in this context.
Regarding the parameters in V (other)
Higgs , it is straightforward to see using our methods that they are suppressed relative to those in V (soft)
Higgs . We will not show this explicitly here.
A comment on the OPE with unrenormalized operators
Before we conclude this section, let us elaborate on a feature that may be of interest. Consider, as we have so far, the OPE in momentum space,
In computations of the coefficientsc k ij , we found that the introduction of an arbitrary normalization point µ (not to be confused with the µ parameter) was necessary in order to avoid IR divergences, as inc X † F † in (4.2) for example. In other words, we found thatc k ij were actually functions of p 2 and µ 2 . This is a known consequence of the splitting of UV and IR physics inherent in the OPE [21] . Of course the µ-dependence is also there in the right-hand side of the OPE when renormalized operators are used. Now, note that if we use bare operators in the left-hand side of the OPE, then there is no µ-dependence in the corresponding (unrenormalized) expectation value of the operator product.
Such dependence, therefore, has to disappear from the right-hand side of the OPE as well. To see this cancellation of the renormalization-point dependence, one needs to consider operator mixing and the µ-dependence of operators in the right-hand side of the OPE.
To illustrate this, let us consider the operators X † F † and X † Φ Φ ≡ X † (Φ 1 Φ 1 + Φ 2 Φ 2 ). Clearly, both of them appear in the right-hand side of the OPE Q α (Φ 1 Φ 2 (x))×Q α ( Φ 1 Φ 2 (0)), and they mix under renormalization since they have the same classical scaling dimension and quantum numbers.
As they have appeared up to now, these operators have an implicit µ-dependence. What we have neglected up to now, however, is that these operators mix under renormalization. At one loop, and without taking into account wavefunction renormalization (which is unnecessary for the point being made here), we have 12) where Λ is the UV cutoff, as computed from the graph
which is both UV and IR divergent and so the integration over virtual momenta is cut-off at Λ from above and at µ from below. Although the vev of X † Φ Φ is finite, that of (X † Φ Φ) Bare is infinite. Now, since the tree-level Wilson coefficient of
we see that the µ in (4.2) is indeed replaced by Λ via operator mixing between X † F † and X † Φ Φ, at this order in λ, when X † Φ Φ is substituted by (X † Φ Φ) Bare via (4.12). Similar replacements µ → Λ in physical logarithms of Wilson coefficients will occur order by order in perturbation theory. All other explicit µ-dependence in the ξ-expansion of (4.1), which is regularization-scheme dependent, will similarly disappear when the right-hand side of the OPE is written in terms of the bare operators.
Comments on phenomenology
From the general results obtained in section 3, we can make various comments about possible phenomenological consequences. The generality of the OPE formalism has a great advantage in that it provides a powerful organizing principle. It not only leads to an understanding of known phenomenological problems from a different (possibly deeper) perspective, but also provides a unifying framework for describing the various proposals for these problems.
To see how this works in more detail, let us look at the µ/B µ [2] and A/m 2 H [4] problems, which in essence are manifestations of the problem of achieving phenomenologically viable electroweak symmetry breaking (EWSB). These problems arise in many models with Higgs-messenger interactions trying to generate the µ and A terms, as such models also tend to produce B µ and m 2 H terms which are too large to be viable for EWSB. 9 The results in section 3 allow us to understand these problems from a different perspective. For instance, we saw in (3.6) that op- (3.12) ). In simple models, as in the weakly coupled example in section 4, only O 3,0 contributes to µ 10 while Q 2 O 3,0 contributes to B µ . Now, since it is assumed that µ is forbidden in the supersymmetric limit, it usually arises at order F , i.e. O 3,0 ∝ F . Then, if the supersymmetry breaking dynamics is essentially trivial (as in a spurion model), one obtains parametrically
Finally, in weakly coupled models B µ is typically generated at the same loop order as that of µ, so that the Wilson coefficientsĉ Bµ ≃ĉ µ ∼ 1/16π 2 . This gives rise to the well-known problematic relation
Similar statements can be made for the A/m 2 H problem. The OPE results suggest possible ways of addressing these issues. We will consider the case when O 3,0 = 0, which is generically at order F (since µ is assumed to vanish in the supersymmetric limit). In this case, if Qσ µQ O µ 3,1 gets a vev as well, then that vev is of order F 2 as mentioned in section 3. This is because Qσ µQ O µ 3,1 is of the form {Q, [Q, (·)]} , and all such correlation functions must start at order F 2 [8] . Thus, this operator (and also Q 2Q2 O 3,0 ) will only have a subleading effect on µ. In this case, it is also easy to see that the wrong-Higgs trilinears a ′ u,d will be suppressed compared to µ and other soft terms expected to be generated at order F . In this situation, one can imagine two possible ways of solving the problem of achieving viable EWSB.
Let us now discuss each of these from the perspective of the OPE results obtained.
EWSB with
1 From the discussion in the previous sections, we know that the µ parameter is given predominantly by O 3,0 , while the B µ parameter is given by
. An interesting feature of the OPE results is that the operators O 3,0
and O u,d 0 are completely independent on each other in general. Also, for a strongly coupled extra sector, the vevs of operators are determined by strong infrared dynamics and cannot be computed 1, as long as which has been known for quite some time, is that of conformal sequestering [23] . Within the OPE formalism, this mechanism can be understood as follows. In order to describe the flow from M to √ F , one has to integrate out states with mass of order M , and write down an effective theory in terms of the light degrees of freedom with some coefficients. These coefficients can be obtained by matching to the full theory at the scale M and must then be RG-evolved to lower scales. If this resulting effective theory is itself an approximately superconformal field theory (different from the UV superconformal theory in general), then the coefficients of the operators for the Higgs parameters in the effective theory will receive a power-law running.
In general, the matching on to an effective theory at the scale ≃ M is model-dependent.
However, one framework, in which the matching is tractable, is that of the case of GMHM [9] , in which it is assumed that the extra sector factorizes into a messenger sector and a supersymmetry breaking (hidden) sector, coupled by a small dimensionless coupling κ of the form
In this case it is possible to integrate out operators O m and consider the effective theory with 11 We have assumed F < M 2 .
O h , O † h coupled to the Higgs fields. Then, the usual expressions for conformal sequestering of coefficients of the relevant operators can be derived [9] . To complete this section, it is worth noting that the case of extreme sequestering is disfavored both phenomenologically [24] and theoretically [25] ; see detailed discussion in [26] . However, [26] shows that it is possible to obtain viable electroweak symmetry breaking with mild sequestering: B µ /µ 2 1 and m 2 Hu /A 2 u 1, and suitable Wilson coefficients.
EWSB with "lopsided" gauge mediation
Another mechanism for obtaining viable electroweak symmetry breaking is via what is known as "lopsided" gauge mediation [27] . In this class of models, viable EWSB is possible even with 
In addition, it is also possible to have
Hu so that the Higgs quartic coupling gets nontrivial radiative contributions from visible sector superpartners such as stops.
Note that the coupling (1.1) will also provide a source of extra contributions to the Higgs quartic couplings, and it would be very interesting to compute the general form of these corrections.
Summary and future directions
In this work we have developed a systematic and general formalism to compute the parameters in the effective Higgs Lagrangian to quadratic order, in a broad class of supersymmetric frameworks in which the Higgs fields in the visible sector couple to another sector via the superpotential There are a few interesting directions that are worth exploring in the future. One interesting direction would be to construct realistic models of dynamical supersymmetry breaking and mediation, and apply OPE techniques to explicitly compute the Wilson coefficients and the relevant Higgs parameters. It would also be worth exploring the computation of the quartic terms in the effective Higgs Lagrangian, due to the presence of the superpotential couplings (1.1). This would be crucial for computing the physical Higgs boson masses and mixing angles, and as such is directly relevant for phenomenology. In particular, it is straightforward to see that the contribution to the Higgs quartic couplings, for example the coefficient λ Hu in λ Hu |H u | 4 , due to the couplings (1.1), will be determined by a four-point function of the form
Within the OPE formalism described above, a possible way to compute such quartic couplings is by expanding these four-point functions in conformal blocks [30] , or their supersymmetric extensions, the superconformal blocks for N = 1 supersymmetry [16] . It would be interesting to develop this approach to the quartic couplings in greater detail.
Another interesting direction to explore would be to apply similar OPE methods to compute terms in the effective Higgs Lagrangian for the case when the Higgs fields couple to a SM gauge-singlet S, via SH u H d in the superpotential. Although such operators have been studied extensively in the literature (mostly in weakly-coupled settings), OPE results may shed an interesting light on the physics in more general cases that would be hard to see otherwise.
Finally, it would be interesting to extend our analysis of Higgs parameters to include the possible contributions of poles appearing in the two-point functions of the additional sector, similar to what was done for current correlators in [31] . In this case one could derive sum-rules relating the contributions of these poles to the Higgs parameters, obtaining results that are applicable to an even more general class of models. We hope to study these and related directions in the near future.
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A. Two-point functions of superconformal and conformal primaries
As we already saw in (3.1), in an N = 1 superconformal theory the two-point function of an operator O I with its conjugateŌĪ is given by
. Now, one can carry out the θ-expansion of both sides of (3.1) and match the various powers of θ 1,2 ,θ 1,2 between the two sides to read off two-point functions of the various components of O I .
This achieves a projection of the superconformal two-point function to the conformal subgroup.
Nevertheless, this projection is contaminated by the presence of conformal descendants in the θ-expansion of O I . This contamination has to be removed in order to obtain a projection to conformal primaries.
To illustrate these points, let us work out explicitly the case of a general scalar N = 1 superfield operator O. In this case (3.1) becomes
Now, the Baker-Campbell-Hausdorff formula and the supersymmetry algebra imply that e iθQ+iθQ = e iθQ e iθQ e θP ·σθ , and expanding the exponentials it is straightforward to evaluate
This implies that O(z) ≡ e iθQ+iθQ O(x) can be expanded as 
The coefficients c 1,...,5 can be evaluated by expanding both sides of (A.1) using (A.3) on the left-hand side. For example, from the θ 1θ1 component of O(z 1 )Ō(z 2 ) we can find
and comparing (A.3) with (A.2) we find that
which, as expected, is zero for q = 0 orq = 0. With our result for c 1 we can use the θ 1θ1 θ 2θ2 part of (A.1) to compute
which has the required form, ∼ I µν , dictated by conformal invariance, and the correct behavior for chiral (DαΦ = 0,q = 0) and anti-chiral (D α Φ = 0, q = 0) superfields. For a linear superfield which correctly goes to zero forq = 0 orq = 1, as well as q = 0 or q = 1. As expected, (A.7)
becomes zero for a chiral and an antichiral superfield, as well as a superfield S satisfying D 2 S = 0 orD 2 S = 0. For a linear superfield it also becomes zero, despite the q +q − 2 in the denominator, due to the "double" zero from (q − 1)(q − 1) in the numerator. In the (∆, R)-representation the R → 0 limit produces a (∆ − 2) 2 in the numerator which cancels the ∆ − 2 in the denominator and thus leads to zero when ∆ → 2.
For a spin-one superconformal operator O µ a similar treatment, starting from Finally, let us mention that in the R → 0 limit our expressions (A.4), (A.7), and (A.8) agree with the zero-spin limit of expressions (3.34), (3.39) and (3.35) of [16] respectively.
B. From three-point functions to OPEs
It is well known that the three-point function of three operators contains the same information as the OPE of two of them with the third one. Indeed, a three-point function of the form O 1 O 2Ō3 has to reproduce the two-point function O 3Ō3 if the OPE O 1 × O 2 is used. In this appendix we will work out this correspondence explicitly for the [Q 2Q2 O 3,0 ] p contribution to (3.4).
We will thus concentrate on the OPE Q α O u (x) × Q α O d (0), which we will recover from the three-point function (3.2). There are multiple structures for thetĪ in (3.2), but here we will only work out the term [Q 2Q2 O 3,0 ] p in (3.4), which arises from Solution (III) for ℓ = 0. The coefficient we will compute is c i µ;4 in (3.4). Other terms in this and other OPEs in section 3 can be obtained similarly.
To start, we have to perform the θ 1,2,3 andθ 1,2,3 expansion of the superconformal threepoint function O u (z 1 )O d (z 2 )O 3,0 (z 3 ) and go to order θ 1 θ 2 θ 2 3θ 2 3 . In practice this a very lengthy computation, but straightforward enough to be coded in Mathematica. As we can see from (A.3), the result of this computation is the combination
of three-point functions involving both primaries and descendants.
Now, in order to compute the Wilson coefficient of [Q
we need to substitute This is a tedious computation, but in the end we find that w(x 2 12 ) =wx 
